A depolarization-activated outwardly-rectifying channel (OR), most likely involved in the passive release of K + from the root symplasm into the stelar apoplast (for subsequent transport to the shoot via the xylem vessels), has been characterized in the plasma membrane of maize root stelar cells (Roberts and Tester, 1995). In the present study, the selectivity of this channel was further characterized using single channel current-voltage curves generated using a voltage ramp protocol. This protocol permitted the accurate and unambiguous measurement of the reversal potentials of currents resulting from single channel openings. 
Introduction
The radial transport of ions across higher plant roots from the soil solution to the xylem vessels must often include a symplastic component. The root stelar cells surround the xylem vessels and are thus likely to regulate the release of ions into the transpiration stream (Clarkson, 1993) . Plasma membrane ion channels have been identified in root stelar cells which probably catalyse the release of ions into the xylem apoplast (Wegner and Raschke, 1994; Roberts and Tester, 1995) .
In a previous report, the patch clamp technique was applied to protoplasts from the stele of maize roots and an outwardly-rectifying ion channel was characterized (Roberts and Tester, 1995) . This outward rectifier (OR) was primarily selective for K + and had a unitary conductance of 22, 30 and 40 pS at external K + concentrations of 1, 15.5 and 100 mM, respectively. The channel showed voltage-dependent gating which was sensitive to extracellular K + such that K 05 (i.e. the potential at which half the channels are expected to open) increased to more positive potentials with increasing extracellular K + , ensuring the channel only catalysed K + efflux. These characteristics are similar to those reported for its counterpart in other plant cells (see Hedrich and Becker, 1994, for review) and are consistent with the OR mediating the passive release of K + from the root symplasm into the stelar apoplast (for subsequent transport to the shoot via the xylem vessels). However, the role of this channel in the loading or retrieval of other ions to or from the xylem apoplast is unknown.
In the present study, the patch clamp technique was employed to investigate further the selectivity of the OR from maize root stelar cells. Voltage ramp protocols were used to characterize the single channel current-voltage characteristics of the OR in outside-out patches. It is shown that Ca 2+ and various monovalent cations (i.e. Rb + , Na + , Cs + , and NH 4 + ) also permeate the OR. The data have implications for the transport across maize roots of nutritionally important cations (i.e. Ca 2 + , NHâ nd Na + : Marschner, 1995) and for Rb + as an effective tracer in K + transport studies in intact maize roots (Cram and Pitman, 1972) .
Materials and methods

Plant growth
Seeds of maize (Pioneer 3578 from Pioneer International, Iowa, US) were imbibed overnight in distilled water before being transferred to trays of vermiculite. De-ionized water was used to saturate the vermiculite to field capacity every 12 h (6 a.m. and 6 p.m.). Maize seedlings were grown in a 12 h day, 12 h night cycle at 24 °C and 15°C and an irradiance of 150 ^mol m~2 s"
1 . Plants were harvested after 6-7 d when roots were typically 5-8 cm long.
Protoplast isolation
As described in Roberts and Tester (1995) .
Electrophysiology
Whole cell currents from protoplasts were recorded at room temperature (approximately 20 °C) with an Axopatch 200A amplifier (Axon Instruments, CA. Foster City, USA) using conventional patch clamp techniques (Hamill et ai, 1981) . Cells were held in a flowing chamber of less than 0.5 ml volume allowing fast solution changes. The chamber had a thin glass base to which protoplasts adhered loosely. Electrodes were pulled from borosilicate glass capillaries (Kimax 51, Kimax Products, Vineland, NJ, USA) and fire polished using a ZeitzInstrumente Universal Puller (Augsburg, Germany) to give resistances of 10-11 Mi? in 'sealing solutions' (see below). A Ag/AgCl reference electrode was connected to the bath via a 3 M KCl/agar salt bridge. After G£>-seals were formed, strong suction was applied to the interior of the pipette to obtain the whole-cell configuration. Whole cell capacitance and series resistance were partially compensated for by the amplifier. Access resistance was usually less than 20 MQ. Before analogueto-digital conversion, the voltage signals representing clamp currents were low-pass filtered at 2 kHz. The generation of voltage test pulses, recording of whole-cell currents and storage of data was controlled by the software package pClamp6.0 (Axon Instruments) and a 486 personal computer. Analysis of data was done by pClamp software and FigP (version 2.2, Biosoft, Cambridge, UK). Outside-out patches were obtained from the whole-cell configuration by pulling away the pipette from the protoplast. Single channel currents were measured and analysed using the same equipment and software used for whole-cell experiments. Data were digitized at 10 kHz and filtered at 500 Hz for analysis. Liquid-junction potentials were corrected for in all experiments as described by Neher (1992) . Ion equilibrium potentials and permeability ratios were calculated after correction for ionic activities (as calculated by GEOCHEM-PC). Variation in data is presented as the standard error of the mean.
Solutions
All solutions were filtered (0.22 ftm, Millipore) before use. Pipettes were filled with the following solution in all experiments unless otherwise stated: 100 mM K-gluconate, 3 mM MgCl 2 , 10 mM N-2-hydroxyethylpiperazine-/V-2-ethanesulphonic acid (HEPES), 3 mM K 2 ATP, 4 mM EGTA adjusted to pH 7.2 with 17 mM K.OH and 720 mOsm kg ' using sorbitol. Bath solutions 1 to 5 contained 5 mM MES and a range of concentrations of KG and CaCl 2 (Table 1) ; they were adjusted to 700 mOsm kg" 1 using sorbitol and to pH 6.0 with TRISbase. Bath solution 6 was as bath solution 5 except with 1 mM CaCl 2 . Bath solution 7 was as bath solution 3 except 0.1 mM CaCl 2 was replaced with 1 mM EGTA.
Results
Permeability of the OR for K +
In the majority of stelar cells, outward currents activated over time upon depolarisation of the plasma membrane (Fig. la) . Tail current protocols were used to determine the major ion responsible for these whole-cell outward currents-outward currents were activated by a depolarizing pre-pulse, then were followed by steps back to more negative potentials, giving rise to deactivation (tail) currents (Fig. lb) . The reversal potential (E ny ) for the wholecell outward current in bath solution 1 was -37 +0.8mV (n= 15) (E K = -48 mV; E a = -23 mV). Increasing extracellular K + (E K = -32 mV; E a = -40 mV, bath solution 2) shifted £ rev to -21 + 1 mV (n = 5) which was closer to the equilibrium potential for K + than Cl~ and consistent with this current being carried primarily by K + . However, £ rev was 11 to 12 mV positive of E K , indicating that another ion with a more positive equilibrium potential than K + was also contributing to this current. These data confirm the previous findings of Roberts and Tester (1995) and are similar to the deviation of E nv from E K reported for whole-cell outward currents in barley root cells (Wegner and Raschke, 1994) and cultured cells from tobacco (van Duijn et al., 1993) . Tail currents resulting from a voltage step to +65 mV followed by steps back to potentials ranging from -5 mV to -65 mV (in 10 mV steps at intervals of 30 s). Holding potential was -65 mV. Bath solution 1 was used. The reversal of the tail currents (£"») was determined as follows: the amplitude of the tail current was calculated immediately after the decay of the capacitance current (x) and when currents had inactivated (y). Current at x was subtracted from that at y and plotted against voltage. The potential at which .r-v = 0 (i.e. £ rev ) was determined from linear regression.
Whole-cell currents are the sum of currents from a population of channels in the plasma membrane and thus may represent the activity of more than one channel type. Therefore, single channel measurements are required to determine whether the deviation of £ rev from E K for the whole cell outward currents was due to activity of one or more than one channel type. In a previous report, it was demonstrated that an outwardly rectifying channel (OR) was responsible for the time-dependent component of the whole-cell outward current (Roberts and Tester, 1995) . In the present study, the selectivity of the OR was investigated further at the single channel level, in outsideout patches using voltage ramp protocols.
In the voltage ramp protocol, the holding potential across the membrane is ramped during a single channel opening, and again when the channel remains closed. The difference in current between these two ramps yields a leak-subtracted single channel current in response to the voltage ramp, which can be plotted as a single channel current-voltage (IIV) curve (Fig. 2) . Single channel I/V curves generated in this way are more desirable and efficient than those constructed from steady-state single channel currents for the following reasons: (1) //K curves o -140 -100 -60 -20 Voltage (mV)
-140 -100 -60 -20 20 60 Voltage (mV) Fig. 2 . Leak-subtracted single-channel voltage-ramp-generated I/V curves for the maize root OR in varying extracellular K.
+ concentrations. Data are from the same outside-out patch. Voltage was changed at a rate of 0 6 mV ms" 1 . (a) Current measured during a voltage ramp from + 45 mV to -135 mV. Bath solution 1 (i.e. 15 mM K + ) was used, (b) As (a) except bath solution 2 (i.e. 30 mM K + ) was used, (c) As (a) except bath solution 3 (i e. 100 mM K + ) was used.
constructed from steady-state single channel currents (which are generated by pulsing to different holding potentials) are time-consuming and prone to errors because a different channel type may appear at a particular voltage and be mistaken for the channel being investigated and; (2) as channel open probabilities decrease sharply at voltages negative of £ rev (in the case of the OR), and as unitary conductances become very small near £ rev , the data of steady-state IIV curves are often fitted with a linear regression and the E iey determined by extrapolation. In contrast, I/V curves derived from the voltage ramps consist of a 'continuous' curve both positive and negative of £ rev , from which E iev can be directly determined. Hence, rectification or non-linear characteristics of the single channel current can be accounted for directly, permitting a more accurate determination of £ rev (see below). Figure 2 shows voltage ramp I/V curves for the maize root OR in outside-out patches in bath solutions containing different extracellular concentrations of K + . As extracellular K + was altered, £ rev changed by approximately the same amount as E K ( Table 1) , showing that the current through the OR is primarily carried by K + .
However, £ rev was always 6-9 mV positive of £ K , in the same direction as, but slightly smaller in magnitude than, the difference between £ rev and £ K observed for the whole-cell outward currents. It should be noted that the £ rev s observed for the OR in the present study are slightly less positive of E K than previously reported (Roberts and Tester, 1995) . This may be because slightly different solutions were used in the two studies. In addition, Roberts and Tester (1995) calculated £ rcv s using I/V curves constructed from steady-state single channel currents, which is a less accurate technique than the voltage ramps used in the current work (see above). The unitary conductance (calculated for the outward current; see Table 1 ) was comparable to that previously determined for the OR (Roberts and Tester, 1995) . Furthermore, £ rev did not follow changes in E a when extracellular Clw as varied, nor did the difference between E K and £ rev alter with changes in Cl~ concentration, illustrating that permeation of Cl~ through the OR is negligible. At hyperpolarized potentials (where currents are mainly due to K + influx), the kinetics of the OR change markedly, with many rapid closures. This behaviour is typical of outwardly-rectifying K + efflux channels from other plant cells including those from the root cortex of wheat (Schachtman et al, 1991) and Arabidopsis (Maathuis and Sanders, 1995) . The experiments illustrated in Fig. 2 show that the OR is permeable to ions other than K + (which have an equilibrium potential positive of E K ). In the present study, and in other reports in which the £ rev of the outward current was positive of £ K (Wegner and Raschke, 1994; van Duijn et al, 1993) , the equilibrium potential for Ca 2+ remained positive of £ K . Thus a Ca 2+ influx through the OR may be responsible for the deviation of £ rev from E K .
Permeability of the OR for Ca
2+
The possibility that the OR was also permeable to Ca 2 + was tested by determining the £ rev of the current through the OR with different extracellular concentrations of Ca 2 + (Fig. 3) . In the absence of extracellular Ca
(bath solution 4), £ rev was -46+1.5 mV (n = 4), which was very close to £ K (-48 raV). With increasing extracellular Ca 2 + , £ rev moved increasingly positive of E K (Table 1 ; Fig. 3 ). This is consistent with the proposal that permeation of Ca 2+ through the OR is responsible for the deviation of £ rev from E K . In addition, extracellular Ca 2 + induced a slight rectification of the inward current (Fig.  3b) (1)
where V was the £ rev determined from single channel voltage ramp I/V curves. For these calculations, an accurately defined intracellular free Ca 2+ was necessary, so experiments were performed with a pipette solution modi- 
Permeability of the OR for monovalent cations
To measure the selectivity of the OR for other monovalent cations, 100 mM extracellular K + (bath solution 7) was replaced by equimolar Rb + , Cs + , Na + or NH^, and £ rev determined from voltage ramp // V curves ( Fig. 4; Table  2 ). In these experiments, Ca 2+ -free solutions were used and thus only current carried by monovalent cations was measured. The permeability for these monovalent cations (relative to that for K + ) was calculated from £ rev ( ions) was markedly reduced upon substitution of extracellular K + for other monovalent cations (Fig. 4) . This suggests that the absolute permeability of the channel for K + was significantly greater than for Rb + , Cs + , Na + or NH^". Experiments in which K + was replaced with equi molar Li + were also attempted, but it resulted in the loss of the integrity of either the membrane or the seal between the patch pipette and the plasma membrane. Thus, the relative permeability of the OR for Li + was not determined.
Discussion
Voltage ramp //K curves provide an unambiguous measure of the reversal potential for single channel currents. In the present study, the E rcv s of the single channel currents were consistently less positive of E K than the £ rev s of whole cell outward currents. Although the timedependent whole-cell outward current mainly reflects the activity of the OR (Roberts and Tester, 1995) other (less abundant) channels, which have different selectivity properties to that of the OR, probably also contribute to the whole-cell outward current. The activity of these other channel types in the plasma membrane of maize root stelar cells may be responsible for the more positive £ rev s for the whole cell currents compared to that for the OR.
In the present study, evidence is provided that the maize root OR conducts both K + efflux and Ca 2+ influx at potentials positive of E K and negative of E^. Similar K + efflux channels have been reported in the plasma membrane of many other plant cells (Hedrich and Becker, 1994 , for review) and in some of these studies a similar deviation of £ rev from E K has been reported when E&, is set positive of E K (van Duijn et al, 1993; Wegner and Raschke, 1994; White and Lemtiri-Chlieh, 1995) . Thus, Ca 2+ may also permeate the OR in other plant cell types. In addition to the OR, K + efflux and Ca 2+ influx has also been shown for plasma membrane cation/Ca 2 + channels from the roots of rye (White, 1993 (White, , 1994 and wheat (Pifleros and Tester, 1995) . In guard cells, Ca 2+ influx via the plasma membrane K + influx channel has been claimed (Fairley-Grenot and Assmann, 1992); however, this was based on the study of whole cell inward currents and thus it is difficult to ascertain whether Ca 2+ influx occurred via the K + influx channel or some other (less abundant) channel type co-existing in the plasma membrane. For example, Schroeder and Hagiwara (1990) show that a non-selective Ca 2 + -permeable channel mediates Ca 2+ influx in guard cells. Ca 2+ influx also occurs via the outwardly-rectifying K + channels in animal cells (Inoue, 1981) .
In the present study, the permeability of the OR for Ca 2+ overK + decreased from 1.72 to 0.21 as extracellular Ca 2+ was increased from 1 to 10 mM. A similar decrease m Peal?*, by extracellular Ca 2+ was observed for the Ca 2+ channel from wheat roots (Pifieros and Tester, 1995; PQJPK decreased from 17 to 26 when extracellular Ca 2+ was increased from 0.1 to 1 mM). Concentrationdependent permeability ratios have been suggested to indicate that the channel is a multi-ion pore (i.e. the channel has an occupancy >1) (Eisenman and Horn, 1983) . However, concentration-dependent permeability ratios can also be explained using models of ion permeation through a channel in which the channel has only one binding site (i.e. a single ion pore) (Wu, 1991; Gradmann, 1996) .
The Goldman voltage equation was also used to calculate the permeabilities (relative to K + ) of other monovalent cations. The resulting permeability sequence corresponded to Eisenman sequence IV (i.e. K + > Rb + >Cs + >Na + : Eisenman and Horn, 1983) . This is the same as for Chara (Tester, 1988) and K + channels in most animal cells (Hille, 1992) . Furthermore, the PJPî s similar to that reported for the OR in the roots of Arabidopsis (Maathuis and Sanders, 1995) , wheat (Schachtman et al, 1991) and Plantago (Vogelzang and Prins, 1992) . However, in Vicia guard cells (Schroeder, 1988) , Samanea saman extensor cells (Moran el al, 1990) and Arabidopsis root cortical cells (Maathuis and Sanders, 1995) the relative permeability of the K + efflux channels for Cs + is significantly less than that for the maize root OR (i.e. K + >Rb + >Na + >Cs + ; Eisenman sequence V). Although the Goldman voltage equations are convenient and useful for characterizing the selectivity of ion channels, the relative permeabilities calculated from these equations probably do not reflect the absolute permeabilities (i.e. permeation of the ion through the channel: Hille, 1992, Chapters 13 and 14) . The permeation of ions through a channel can generally be better described using the concepts of Eyring rate theory (Hille, 1992 )-i.e. in terms of a free energy profile for ion diffusion in the channel pore. The path of a permeating ion can be described as a spatial potential energy profile with maxima (barriers) and minima (wells), which reflect sites of interaction of the ion with the channel pore. At the zerocurrent potential (E nv ), the selectivity of the channel will depend mainly on the barrier heights; these reflect the energy balance of the dehydration of the ion (necessary for ion permeation) and the interaction of the ion with a binding site in the channel pore (Hille, 1992) . In contrast, when there is net current through the channel, ion permeation is also affected by energy wells; deeper wells reflect tighter binding of the ion and hence slower permeation through the channel. Thus, permeability ratios calculated from reversal potentials using the Goldman voltage equations probably reflect ion entry into the channel pore, but not necessarily ion permeation through the channel. Therefore, no quantitative conclusion can be reached with the permeability ratio calculated using the Goldman equation. Instead, the concepts of Eyring rate theory can be useful in qualitatively describing the permeation of ion through the OR. It should also be noted that the OR may be a multi-ion pore (i.e. more than one ion-binding site in the channel pore) and that ion permeation through a multi-ion pore is also influenced by ion-ion interactions (Hille, 1992) . However, these additional complex interactions will not be discussed here.
Using the concepts of Eyring rate theory, the present study shows that K + and Rb + enter the maize root OR with comparable low energy barriers (as P R JP K is close to 1). However, the markedly reduced magnitude of the tail current when equimolar external K + is replaced with Rb + suggests that Rb + interacts more strongly than K + with the channel pore and thus has a slower permeation than K + through the channel (i.e. the absolute permeability for Rb + will be smaller than that for K + , contrary to that expected from the calculated P R JPn). This is similar to the permeation of H + through the squid axon Na + channel (Hille, 1992) ; using the Goldman voltage equation, the measured permeability for H + relative to Na + is very high (~250), yet the absolute permeability of the Na + channel for H + is negligible compared to that for Na + . The present study reflects the interaction of Rb + with the OR for entry from the extracellular face. Although the interaction of Rb + with the cytosolic face of the channel was not tested, the apparently strong interaction of Rb + within the channel pore suggests that the magnitude of the Rb + efflux through the OR would be significantly smaller than that for K + . Hence, flux studies, in which Rb + is used as a tracer ion for K + efflux from maize root stele (Cram and Pitman, 1972) , will not accurately reflect the magnitude of the K + flux. In the case of Cs + , Na + and NH^, the lower permeabilities of these ions may be the result of a higher energy barrier for their entry into the channel pore from the extracellular side. The interactions of these ions with the cytosolic face of the channel were not investigated except for Na + . Replacing cytosolic K + (in an inside-out patch experiment) with equimolar Na + abolished the outward current through the OR, confirming that significant Na + permeation through this channel does not occur (Roberts and Tester, 1997) . Thus, the maize root OR does not catalyse the transport of Na + in maize roots (Cramer et al., 1994) . Similar experiments are required to establish whether the low relative permeability values for NHâ nd Cs + (as predicted by the Goldman voltage equation, Table 2 ) also reflect a low absolute permeation of these ions through the OR from the cytosolic side of the channel.
In the case of Ca 2 + , a large permeability for Ca 2 + relative to K + can be calculated for the maize root OR using the Goldman voltage equation. However, Figure  3b shows that as extracellular Ca 2+ is elevated, the inward current (which reflects K + and Ca 2+ influx) is reduced. This probably reflects a strong interaction of Ca 2+ with the channel pore and its relatively slow permeation through the OR; permeating Ca 2+ would occlude the channel and slow the permeation of K + . Thus, this is similar to that described for the permeation of Rb The resting cytosolic calcium activity in most cells, including maize root cells (Lynch et al., 1989 ) is 100-200 nM and thus E^ is most likely to be positive of E K in most physiological conditions. Given that the OR activates at potentials positive from E K (Roberts and Tester, 1995) Ca 2+ influx could occur via this channel. Depending on the Ca 2+ -buffering capacity of the cytosol and plasma membrane Ca 2+ pump activity (Askerlund and Sommarin, 1996) the OR could mediate an elevation of cytosolic Ca 2+ which may, in turn, signal a physiological response (Bush, 1993) . Alternatively the OR could mediate re-absorption of Ca 2+ from the transpiration stream or stelar apoplast.
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